The forces of electrical imaging strongly polarize the surface of colloidal silica. I used X-ray scattering to study the adsorbed 2-nm-thick compact layer of alkali ions at the surface of concentrated solutions of 5-nm, 7-nm, and 22-nm particles, stabilized by either NaOH or a mixture of NaOH and CsOH, with the total bulk concentration of alkali ions ranging from 0.1 to 0.7 mol/L. The observed structure of the compact layer is almost independent of the size of the particles and the concentration of alkali base in the sol; it can be described by a two-layer model, that is, a ∼6-8-Å-thick layer of directly adsorbed hydrated alkali ions with a surface concentration of ∼3 × 10 18 m -2
Introduction
Inorganic ions at the surface of aqueous electrolyte solutions play a key role in a wide variety of electrochemical processes at the liquid/vapor and liquid/liquid interfaces that have fundamental importance in biophysics, surface and colloidal chemistry, atmospheric chemistry, and energy storage systems. [1] [2] [3] [4] [5] [6] [7] Frumkin 8, 9 usually is credited with first pointing out that the surface tension and surface potential of aqueous solutions of inorganic electrolytes may depend on ionic radii. Indeed, for a long time, many authors discussed the properties of the air/ water surface in terms of the Wagner-Onsager-Samaras 10, 11 approximation, wherein ions are treated as point charges. Much later, Ulstrup and Kharkats 12, 13 showed that in the approximation of continuous media, ions with different radii interact in a different way with the boundary between two dielectric media. Recently, Markin and Volkov 14 developed these ideas further in explaining quantitatively the macroscopic manifestations of the ion finite-size effects at the air/water interface.
Under certain conditions, surface X-ray reflectivity can provide information about the surface-normal structure of the liquid surface with spatial resolution down to 1 Å. 15, 16 The inplane structure of the liquid surface can be studied with similar spatialresolutionbythegrazingincidencediffractiontechnique. [17] [18] [19] [20] Alternatively, computational methods can reveal the equilibrium properties of the liquid surface and ion distributions across liquid-liquid interfaces with atomic resolution. [21] [22] [23] Therefore, X-ray scattering experiments provide a basis to validate theoretical models. For example, Luo et al. 24 showed that the ion distributions of organic ions, established from an X-ray reflectivity experiment at the liquid-liquid interface, can be explained by a generalized Poisson-Boltzmann equation without adjustable parameters.
In this work, I studied ion finite-size effect in the compact layers of alkali ions adsorbed at the surface of concentrated aqueous solutions of colloidal silica, stabilized by a small amount of an alkali base. 25 In the exceptionally wide electrical double layer at the surface of silica sol, the surface compact layer is well separated from the anionic colloidal particles, which significantly facilitates interpreting the X-ray scattering data. 26, 27 The pronounced wideness of the transition region at the surface of colloidal silica reflects the extremely large difference between the forces of electrical imaging for nanoparticles and alkali ions. This difference can be understood qualitatively in terms of the "classical" energy of the "image force" for the point charge, Z, placed into the dielectric media with permittivity, 1 at the distance, h, from the planar boundary with another dielectric media with permittivity 2 [10] [11] 28 where 0 ) 8.85 × 10 -12 F/m is the dielectric permittivity of the vacuum.
For a concentrated solution of particles of ∼10 nm diameter (D), the equilibrium charge density at the silica surface at pH ) 10 is as large as ∼0.5 C/m 2 because of deprotonation of the silanol groups by the hydroxyl ions, which is associated with a significant energy gain of ∼7k B T per ion (k B is Boltzmann's constant). Because the dielectric permittivities of water and air are 1 ) 78 and 2 ) 1, respectively, then 1 -2 > 0 so that both alkali ions and nanoparticles in the solution are repelled from the air/sol interface by their electrical images. A particle in the sol can be considered, to certain extent, as a super ion (anion) because it is carrying a very large adsorbed charge, Z ≈ 10 3 e (e is the elementary charge), and its energy term (eq 1) is 6 orders of magnitude larger than that for an alkali ion. Therefore, separation of electrical charges at the interface is unavoidable. However, eq 1 by itself does not explain the equilibrium structure of the interface because it does not account for the polarization of the interface, the changes in the dielectric properties of the media in the transition region, the particleparticle and ion-particle interactions, and the like.
Earlier, Madsen et al. 29 using X-ray scattering to explore the surface of colloidal solutions of silica particles of D > 30 nm, and unspecified alkalinity, showed that the colloidal particles do not congregate directly at the sol's surface. However, the layering model they proposed, based on the X-ray reflectivity data with spatial resolution 2π/q z max ≈ 100 Å, does not describe the adsorption of the compact layer at the sol's surface. My recent findings from X-ray scattering experiments (2π/ q z max ≈ 20 Å) at interfaces between n-hexane and nanocolloidal solutions of silica stabilized by NaOH (pH ≈ 9-10) revealed a surface structure that I described by a three-layer model, that is, a compact layer of Na + at the hexane/sol interface, a loose monolayer of nanocolloidal particles as part of a thick diffuse layer, in between which was a layer with low electrolyte concentration (see Figure 1) . 26, 27 The plane of the closest approach of the nanoparticles is situated at ∼10-20 nm from the hexane's interface, so that the 2-4-nm-thick compact layer is separated from the countercharge by ∼6-10-nm-thick layer of "surface water". Depending on the model for the surfacenormal structure, the estimated surface density, Γ + , of Na + in the compact layer at the hexane/sol interface ranged between ∼2 × 10 18 m -2 and ∼6 × 10 18 m -2 . According to a semiquantitative interface model reviewed by Vorotyntsev et al., 30 the surface of the solution and the plane of the closest approach for nanoparticles can be considered as two individual interfaces, contributing independently to the potential drop across the interface.
At pH > 11, Na + cations cause amorphous silica hydrosols to coagulate, whereas Cs + cations are ineffective. 31 Therefore, silica solutions can be further stabilized with very high bulk concentrations of Cs + (pH > 11) by dissolving CsOH in an NaOH-stabilized sol (pH ≈ 10). Then, the contrast of the compact layer increases so much that precise information about its structure can be obtained by directly studying the sol's surface. In addition, the in-plane structure of the air/sol interface can be explored by a grazing incidence diffraction technique that is not applicable at the hexane/hydrosol surface because of the very strong scattering in the oil's bulk.
In this paper I describe my studies, via X-ray scattering, of the adsorbed compact layers of alkali ions at the surface of the concentrated solutions of 5-nm, 7-nm, and 22-nm particles stabilized by either NaOH or a mixture of NaOH and CsOH. The former are very similar to the sols that were studied earlier in ref 27. The sizes of silica particles were chosen such that the information about the entire surface-normal structure could be obtained from a single X-ray reflectivity experiment. I report X-ray data with a spatial resolution, 2π/q z max < 10 Å, that can be described by a four-layer model, wherein the compact layer consists of two layers, that is, a layer 1 of directly adsorbed hydrated ions and a layer 2 of space charge (see Figure 1) . The difference between my previous model and the present one of the structure of the compact layer at the sol's surface and at the hexane/sol interface for NaOH-stabilized sols lies in the better spatial resolution in the latter of the data collected at the air/sol interface, the much higher electron density of the compact layer in cesium-enriched sols, and the much smaller capillary-waveinduced surface roughness, σ cap , at the surface of the sol than at the hexane/sol interface. The four-layer model is in accordance with the effect discussed by Ulstrup and Kharkats that explains segregation of the ions with different radii into two layers at the sol's surface. [12] [13] 
Experimental Section
Here, I report my findings on the surface-normal structure of sols with 9 e pH e 12.5 where the bulk concentration of cesium, c Cs + ≈ 0.05 -0.5mol/L, is roughly the same as, or larger than the sodium concentration. I prepared cesium-enriched sols by mixing, in an ultrasonic bath (Branson 2510), a 1:1 (by weight) solution of cesium hydroxide (99.95% on metal basis, Sigma-Aldrich) in deionized water (Barnstead UV) with NaOHstabilized suspensions of colloidal silica. The concentrated homogenized sols, stabilized by sodium hydroxide (supplied by Grace Davison), contained silica particles with diameters of approximately 50 Å (Ludox FM, pH ≈ 10), 70 Å (Ludox SM-30, pH ≈ 10), and 220 Å (Ludox TM-40, pH ≈ 9). 32 These solutions had specific gravities, , respectively, of 1.068 ( 0.004 g/cm 3 (16% of SiO 2 and 0.3% of Na by weight), 1.177 ( 0.004 g/cm 3 (30% of SiO 2 and 0.5% of Na by weight), and 1.257 ( 0.004 g/cm 3 (40% of SiO 2 and 0.3% of Na by weight). Their specific surface areas were ∼5 × 10 5 m 2 /kg (Ludox FM), ∼3 × 10 5 m 2 /kg (Ludox SM-30), and ∼10 5 m 2 /kg (Ludox TM-40).
The molar concentration of free hydroxyl ions in the bulk of these sols is very small, c -≈ 10 -4 -10 -5 mol/L, compared with the bulk concentration of sodium ions c Na + ) f Na /M Na ≈ 0.1-0.2 mol/L (M Na ≈ 23g/mol is the atomic weight of Na, and f Na is the weight fraction of sodium in the suspension) because the OH -ions are adsorbed at the surface of the silica particles. At high concentrations of alkali base (pH > 12), the Ludox sols usually appear opaque, and transform into silica gel due to the coalescence of the nanoparticles. Table 1 lists parameters of the cesium-enriched sols with c Cs + ≈ 0.1-0.5 mol/L (pH > 11).
I carried out the X-ray scattering experiments at beamline X19C, National Synchrotron Light Source, Brookhaven National Laboratory 33 employing a monochromatic focused X-ray beam (λ ) 0.825 ( 0.002 Å) to explore the solutions' planar surface. Liquid samples were studied in a ∼50 mL capacity glass or polyethylene dish with a circular interfacial area (100 mm diameter) that was placed inside a single-stage thermostat and mounted above the level of water in a bath (∼200 mm diameter), which served as a humidifier in the thermostat. Because cesium a D is the diameter of the particles; cb is the bulk concentration of the nanoparticles; fw is the water content in the sol; is the specific gravity of the sol; Fb/F0 is normalized to the density of bulk water at normal conditions to the bulk electron density of the sol (F0 ) 0.333 e -/Å 3 ); and c Na + and c Cs + are the bulk concentrations of sodium and cesium in the sol.
hydroxide slowly corrodes glass, all cesium-enriched samples were contained in high-density polyethylene dishes. Although exposed to air, colloidal silica adsorbs CO 2 and the surfacenormal structure of the sol long remains stable; in fact, the X-ray reflectivity curves were reproducible within error bars for ∼48 h, during which time the bulk concentration of hydroxyl ions in the sample liquid fell 2-fold (∆pH < 0.3). 34 All X-ray scattering measurements were carried out after the samples were equilibrated at T ) 298 K for at least 2 h.
It is useful to describe the kinematics of scattering in the right-handed rectangular coordinate system where the origin, O, is in the center of the X-ray footprint; here, the xy plane coincides with the air/sol interface, the axis x is perpendicular to the beam's direction, and the axis z is directed normal to the interface opposite to the gravitational force (see the inset in Figure 2 ). At the reflectivity condition, R ) , and φ ) 0, R is the incident angle in the yz plane, is the angle in the vertical plane between the scattering direction and the interface, and φ is the angle in the xy plane between the incident beam's direction and the direction of scattering. Because the angles R and were small in the experiment, at small-angle deviations, δφ and δ , from the specular conditions, the components of wave-vector transfer, q, can be written in the following form:
At the reflectivity conditions, there is only one component of the wave-vector transfer, q z ≈ (4π/λ)R. The scattering intensity under grazing incidence conditions is usually expressed as a function of q xy ) (q
At incident angles below the critical angle, R c , the penetration of the X-rays is very shallow and scattering occurs in the top λ/(2πR c ) ∼80 Å thick layer (R < 0.8R c ). 19, 35 R c ) λ r e F b /π ≈ 0.09°, where r e ) 2.814 × 10 -5 Å is the electron's Thompson scattering length. The bulk electron densities, F b , of the NaOH-stabilized sols were established with high accuracy from the density and weight of the silica per unit volume of the sol dried and annealed at high temperature. Normalized to the density of bulk water at normal conditions, F 0 ) 0.333 e -/Å, 3 F b /F 0 ) 1.06 ( 0.01 for the solution of 50-Å particles, with 1.15 ( 0.01, and 1.21 ( 0.01 for sols with 70-Å and 220-Å particles, correspondingly. Then, the F b of the cesium-enriched sols was estimated from their density and known chemical composition ( Table 1) .
The surface of all NaOH-stabilized sols at ambient conditions scatters a grazing incident beam in a similar way: the scattering background contains a broad peak at q′ xy ≈ 1.5 Å -1 , which is ∼0.5 Å -1 wide. This peak was observed in the range of q z from 0 to 0.5 Å -1 . The circles in Figure 2 depict the diffraction data from the surface of the hydrosol with 7-nm particles. The intensity of scattering was recorded at grazing angle R ≈ 0.07°w ith a vertical position-sensitive detector (Ordela) by summing 30 channels covering the range of from 0.05 to 0.2°(∆q z ) 0.05 Å -1 ). The horizontal resolution of the detector in this experiment was as much as ∆φ ) 0.2°. For comparison, I also measured the intensity of scattering from the surface of deionized and degassed water (the dots in Figure 2 ). Similar to the bulk background, it has a strong diffraction peak at ∼2 Å -1 , which is associated mainly with the O-O correlations in water. 36 At incident angles R g R c , the penetration of the beam increases to considerable depths so that both the sol's surface and its bulk contribute to scattering. Bulk scattering is shown by the several concentric rings in the q x q y plane around the direction of the transmission beam (Figure 3) . 26 The radius of the principal ring of small-angle scattering in the q x q y plane, q o , can be used to estimate the particle-particle distance in the bulk of the solution, d b ≈ 1.23(2π/q o ). 37 Thus, the bulk concentration of nanoparticles in the sols, c b ≈ 1/d b 3 , can be assessed from the position of the principal ring of the bulk small- Figure 2 . Scattering background at ambient conditions from the surface of NaOH-stabilized sol with 7-nm particles (circles) and the surface of deionized and degassed water (dots). The recordings were taken at a glancing angle R ≈ 0.07°with a vertical position-sensitive detector (Ordela) by summing 30 channels covering the range of from 0.05 to 0.2°(∆q z ) 0.05 Å -1 ). The horizontal resolution of the detector in this experiment, which was set by Soller slits, was as much as ∆φ ) 0.2°. The inset is a sketch of the kinematics of the scattering at the silica sol's surface. The x-y plane coincides with the interface, the x axis is perpendicular to the beam's direction, and the z axis is directed normal to the surface opposite to the gravitational force. k in and ksc are, respectively, wave vectors of the incident beam and beam scattered toward the point of observation, and q is the wave-vector transfer, q ) kin -ksc. At incident angles R ∼ Rc, the penetration depth increases so much that the strong bulk small-angle scattering background consists of several concentric rings around the direction of the transmission beam. The radius of principal ring of small-angle scattering in q-space, q o, can be used to estimate the particle-particle distance in the bulk of the solution, db ≈ 1.23(2π/qo) ≈ 250 Å. Because qxo ≈ 0.02 Å -1 and
angle scattering, c b ≈ 10 23 m -3 (Table 2) . Alternatively, the small-angle scattering background can be measured from a bulk sample prepared in a narrow glass tube (see ref 26 for details).
Figures 4 and 5 show the X-ray reflectivity from the surfaces of sols stabilized by NaOH and the cesium-enriched solutions (c Cs + g c Na + and pH > 11), respectively. The insets show data at q z < 0.08 Å -1 where reflectivity depends on the particles' size. At high angles, the sodium-stabilized and the cesium-enriched sols reflect light drastically differently: the reflectivity of the former monotonically decays at q z > 0.1 Å -1 , whreas the latter's reflectivity oscillates in this interval. These data were obtained with the detector's vertical angular acceptance at ∆ ) 3.4 × 10 -2°, and its horizontal acceptance at ∆φ ) 0.8°.
Models
The X-ray reflectivity function, R(q z ), in the first Born approximation can be represented as R(q z ) ) |F(q z )| 2 R F (q z ), where F(q z ) is the structure factor of the surface, and R F (q z ) is the Fresnel function, that is, the reflectivity from a sharp surface with no structure. 38 I show below that the deviation of electron density in the transition region is such that the structure factor has a Hilbert phase and is defined by reflectivity only. 39, 40 Thus, the uncertainty in interpreting the data is related to the limited range of angles (q z max ≈ 0.7 Å -1 ) covered in the experiment so that only interfacial models with spatial resolution 2π/q z max ≈ 10 Å can be tested.
To obtain the information about the surface-normal structure of the transition region, I used Parratt formalism that exactly solves X-ray reflectivity from a given structure. 41 In the standard procedure, the interfacial structure is divided into N layers (for example, ref 35) , each having a thickness l j , and electron density F j (see Figure 6 ). In addition, σ j parameters (N + 1) determine the interfacial width between the slabs of electron density. The structures are parametrized such that the air/sol interface coincides with the xy plane (z ) 0). I used the symmetrical error-function profiles of electron density across the interfaces so that the model's electron-density profile across the transition region is described by the following equation 42, 43 Figure 1) ). The interfacial widths σ0 ) σ1 ) σ2 ) σcap (σcap ) 2.6 ( 0.2 Å). σ3 is the interfacial width between low-density layer 3 and the loose monolayer of nanoparticles (layer 4). σ4 is the interfacial width between the bulk of the electrolyte and the loose monolayer. . Figure 6 . Parameters of the interfacial structure at the air/sol interface, chosen so that the interface coincides with the xy plane (z ) 0). Each layer has a thickness lj and an electron density Fj. In addition, four to five σj parameters determine the interfacial width between slabs of electron density. where F N+1 ≡ F b is the electron density of the sol's bulk, F 0 ) 0 and z j , as in Figure 6 . The experimental findings for the surface of pure water revealed that the low limit for the parameter σ 0 was defined by the so-called capillary-wave roughness, σ cap , 44, 45 whose value is given by the detector's resolution, q z max ) 0.7 Å -1 and a short wavelength cutoff in the spectrum of capillary waves where γ ≈ 74 dyn/cm is the surface tension of sol surface measured by a Wilhelmy plate, and Q min ) q z max ∆ /2. Because the top part of the transition layer consists of water molecules and alkali ions, it is reasonable to use Q max ) 2π/a (where a ≈ 3 Å is of the order of intermolecular distance). In these experiments, the calculated value for σ cap was as large as 2.6 ( 0.2 Å, thereby setting the low limit for all σ j parameters. Any additional unspecified intrinsic structure of the interfaces can only increase σ j .
The surface-normal structure of the sol stabilized by sodium hydroxide can be described satisfactorily by the three-layer model I proposed, which is discussed in detail for a hexane/sol interface in ref 27. This model has up to 10 fitting parameters (3N + 1). However, it predicts exceptionally high values for the interfacial widths of the compact layer (both σ 0 and σ 1 > 3.5 Å) that are markedly larger than the value given by eq 4. Because, at high angles, the reflectivity from the liquid surface is ∼exp(-σ cap 2 q z 2 ), the model probably cannot resolve some intrinsic structure of the compact layer. The contrast of the surface-normal structure of the cesium-enriched sols is such that it cannot be explained by this three-layer model: it does not describe satisfactorily the oscillations in the reflectivity at high angles (see Figure 5) .
Nevertheless, reflectivity can be fitted by a 10-parameter 4-layer model wherein the compact layer is divided into 2 layers (layers 1 and 2) and σ 0 ) σ 1 ) σ 3 ) σ cap (see Figure 1) . Here, the structure of the compact layer is described by the same number (four) of independent parameters as in the three-layer model but has better spatial resolution (∼10 Å). This model is appropriate for describing the ion finite-size effect in the compact layer. 12, 13 Models with more layers and/or number of fitting parameters insignificantly improve the quality of the fits. Therefore, more detailed information about the surface-normal structure can be obtained only by a large improvement in the spatial resolution of the experiment itself. Table 2 lists its parameters. The error bars were estimated either from the uncertainties of the bulk properties or from the 2 distribution versus the number of degrees of freedom, given by the number of data points.
Electron Density Profile
The compact layer can be considered, in the first approximation, as a mixture of water and alkali ions. For Cs + and Na + , the volume per one electron is as large as V + ≈ 0.4 Å 3 . [46] [47] [48] Alternatively, the volume per one electron in a water molecule, V w ≈ 3 Å 3 and >1 Å 3 in a hydroxyl ion. Therefore, the X-ray contrast of the compact layer is due to significantly higher density of electrons in alkali ions than in water molecules.
X-ray reflectivity contains information about the surfacenormal structure of electron density, F(z), averaged over a macroscopically large area (∼0.5 cm 2 ). Because V + /V w , 1, it is useful for further analysis to split into two terms the distribution of electron density F c (z) along the z axis per unit area in the compact layer where F + (z) is a distribution of electron density of alkali ions, and F w (z) is a distribution of electron density of water molecules. Figure 8a shows the density of layer 1 for the sol with c Na + ≈ 0.4 mol/L (pH > 11).
F c (z) can be calculated from eq 3 and Table 2 at F 3 ) F 4 ) F b ) 0 so that the terms, which are not associated with the compact layer, are omitted (see the insets in Figures 7, 8, and 9 ). The constraint on the volume of the compact layer per unit area is the following where f(z) > 0 describes the averaged in-xy-plane distribution of the compact layer along the z axis so that its volume per unit area or effective thickness is Then, the total amount of electrons of alkali ions in the compact layer per unit area can be obtained from eqs 5 and 6.
In the next approximation, V w can be treated as the volume per one electron of the solvent with the average electron-density ∼F 3 . Then, V w is 8-15% less than the volume per H 2 O molecule in water under normal conditions V 0 w ≈ 3 Å 3 (dV/V ) -dF/F). The density of layer 3 ("surface water") can be slightly higher than the density of water at normal conditions, for example, due to electrostriction. 26, 49 When both δV w /V 0 w ) (V w -V 0 w )/V 0 w and V + /V 0 w are small, the following equation is obtained from eq 8:
Equation 9 is the generalization of the equation that I derived earlier (ref 27).
Furthermore, eq 6 is not valid for layer 1 because its density is smaller than F 3 : the density of the water molecules in this layer must be much less than that in the bulk. Besides, the contribution of the layer 1 (∼F 1 -F 3 ) to eq 9 is negative. Therefore, reasonably, eq 9 is applicable to layer 2 only, the effective thickness of which is V 0 ≈ l 2 ≈ 13 Å because l 2 > 2σ cap . Table 3 lists the integral parameters of the compact layer, where Γ 1 and Γ 2 are, respectively, the surface densities of electrons per unit area in layer 1 and 2; Φ 2 is the total density of electrons of alkali ions per unit area in layer 2. The numbers in parentheses correspond to the compact layer at the surface of sodium-hydroxide-stabilized sols.
I also compared these findings with those from a solution of 70-Å particles with a high concentration of sodium hydroxide c Na + ≈ 0.4mol/L (pH ≈ 11). The dotted line in Figure 8a shows the density of layer 1 for this sol that is barely related to bulk concentration of sodium because it differs only slightly from the distribution of electron density in layer 1 of the solution with c Na + ≈ 0.2mol/L (dashed line). In contrast, the integral Γ 1 for the cesium-enriched sols (∼l 1 F 1 ) is three times larger than the Γ 1 for NaOH-stabilized sols (compare the numbers in parentheses in Table 3 ). Hence, I assume that such a large difference is associated with the high concentration of Cs + in layer 1 with a surface density Γ Cs ≈ ∆Γ 1 /(Z Cs + -Z Na + ) ≈ 3 × 10 18 m -2 , where Z Cs + ) 54 and Z Na + ) 10 are the numbers of electrons in Cs + and Na + , respectively.
Fortunately, the parameters of layer 2 in Table 2 , and Φ 2 in Table 3 , are very similar for all sols I studied suggesting that layer 2 contains mostly Na + (see also Figure 9 ). Otherwise, Cs + ions would have to be present to build a layer with a significantly larger electron density than that listed in Table 2 to match the surface charge of the compact layer containing Na + . Thus, the surface density of Na + in layer 2 is Γ Na ≈ Φ 2 / Z Na + ≈ 8 × 10 18 m -2 , which is noticeably higher than the estimated surface density of sodium ions in the compact layer at the hexane-sol interface. 27 Discussion A. Surface Charge Density at the Sol's Surface. In the simplest model, the compact layer at the surface of the NaOHstabilized sol can be treated as a two-dimensional crystal of hydrated ions. The structure factor of such a two-dimensional lattice consists of a set of ''Bragg rods" normal to the surface plane at q z ) 0. The assumption that the grazing incidence diffraction's peak from the sol's surface arises due to spatial correlations between Na + at the length ≈ 2π/q′ xy ≈ 4 Å demonstrates the good agreement between diffraction and reflectivity data for the surface density of the alkali ions, Γ Na ≈ 1/ 2 ≈ 6 × 10 18 m -2 . However, the area per ion in the layer Γ Na -1 ≈ 20 Å 2 is much smaller than expected for a monolayer of hydrated Na + [(2a Na + 2d w ) 2 ≈ 60 Å 2 per ion]. In addition, the thickness of layer 2 is 50% larger than the diameter of the first hydration shell of the sodium ion (2a Na + 2d w ≈ 8 Å): the charges in the compact layer should have a different spatial distribution from those in the monolayer of hydrated ions.
Because c -, c Cs,Na + , the average charge per particle in the solutions, Z 0 ≈ eN A (c Cs + + c Na + )/c b (N A is the Avogadro constant) varies in accordance with the concentration of the base. The surface charge per unit area in the loose monolayer of nanoparticles is eΓ
for details). Alternatively, the surface charge per unit area in the compact layer is eΓ + ≈ e(Γ Cs + Γ Na ) ≈ 2 C/m 2 according to X-ray reflectivity data.
As discussed in ref 27, the measured width of the transition region at the sol's surface is comparable to the Debye screening length, Λ D ≈ 100-1000 Å, in the solution, which, under the Goy-Chapman theory, is a typical width of the diffuse layer. 50 A reasonable assumption is that only ions at the distance ∼Λ D from the surface are involved in forming the transition region. a Γ1 and Γ2 are the surface densities of electrons per unit area in layer 1 and 2, respectively; Φ2 is the total density of electrons of alkali ions per unit area in layer 1. The numbers in parentheses correspond to the compact layers at the surface of NaOH-stabilized sols.
be as large as ∼(Γ + -Γ -)/l 2 ≈ 10 mol/L (Γ Na < Φ 2 /Z Na + ). Unfortunately, the contributions of H 2 O and OH -to the electron density of the compact layer cannot be reliably separated in the X-ray scattering data. Distinguishing precisely the ion-atom correlation functions at the sol's surface (for example, for a Na + -O pair) from the intensity of X-ray grazing incidence diffraction could afford further useful information on the mixing of hydroxyl and sodium ions in the compact layer. A quantitative model of the transition region that would account for chemical equilibrium between the hydroxyl ions and silanol groups would also be useful in elucidating the nature of the negative countercharge in the transition region.
B. Surface Tension. At equilibrium, the energy gain, w -, for disassociating the silanol group at the silica's surface, for example, at pH ) 11, is 
. Therefore, the energy cost, ∆w, to bring a hydrated alkaline ion from the sol's bulk to the air/sol interface is ∆w )
This value is comparable to ∆w for hydrated Na + at the air/water interface (see Figure 2 in ref 14) . If the hydrosol's surface consists of hydrated alkaline ions, then the total energy toll, γ, to create 1 m 2 of the sol's surface is γ ≈ Γ + ∆w + ≈ 90 mJ/m 2 . The experimental value for the surface tension γ ) 74 mJ/m 2 agrees exceptionally well with this rough estimation. Finally, the small surface density of Na + , Γ + ≈ 2 × 10 18 -6 × 10 18 m -2 , at the n-hexane/silica sol interface (up to 4 times less than at the air/sol interface) can be explained by the higher value of ∆w ≈ 3k B T (γ ≈ 40 mJ/m 2 ). 27 C. Selective Adsorption of Alkali Ions in Layer 1 and Layer 2. The adsorption of alkaline ions at the surface of the sol lowers the electrostatic energy of the transition region: the interaction of the compact layer is attractive to either the nanoparticles or the "image charge" they induce. According to Kharkats and Ulstrup, 12, 13 the electrostatic Gibbs energy, G(h), of an alkali ion sited at the planar boundary between two dielectric media is where a is the ion's radius. The radius of Cs + , a Cs ≈ 1.7 Å, is considerably larger than the radius of Na + , a Na ≈ 1 Å. Therefore, in accordance with eq 10, the direct adsorption of the former at the sol's surface is more favorable than the adsorption of the latter: hence, cesium ions will replace sodium ions at the surface because this is associated with a negative change in Gibbs energy (∆G < 0).
When h g a, the finite size effect in G(h) is described the following term: 14, 21 At h . a, it is reduced to because 1 . 2 . This explains the constant density of layer 2 (h ≈ 10 Å) for all the sols I studied: that is, the accumulation of small Na + ions at h . 1 Å is more favorable than that for large Cs + ions (∆G < 0). Therefore, ionic size drives the selective adsorption of alkali ions at layer 1 and layer 2.
My analysis shows that the difference between the reflectivity at high angles of NaOH-stabilized sols and cesium-enriched sols depends mostly on the density of layer 1. Its thickness, l 1 , is approximately equal to the diameter of the first hydration shell of Cs + , 2a Cs + 2d w , where d w ≈ 3 Å is a water molecule's diameter. The estimated density of the directly adsorbed ions Γ Cs in layer 1 corresponds to a monolayer with an area per Cs + ≈ 33 Å. 2 My X-ray reflectivity data for the cesium-enriched sols fully agrees with the earlier results of many authors: less hydrated cesium ions adsorb more strongly at the silica surface than do strongly hydrated sodium ions. 31, [55] [56] [57] [58] [59] When c Cs + < c Na + (pH < 11), the reflectivity at high angles depends upon c Cs + /c Na + : then, cesium ions preferentially adsorb to the silica surface (in the bulk) rather than at the sol's surface. However, when c Cs + g c Na + (pH > 11) the density of layer Γ 1 saturates and adsorption becomes independent of c Cs + /c Na + (see Figure 10 ).
Conclusions
(1) According to my X-ray reflectivity experiment, the surface-normal structure of the compact layer at the surface of the silica hydrosol is almost independent of the size of the particles and concentration of NaOH in the suspension. The estimated surface density of sodium ions adsorbed at the compact layer is up to 4 times larger than it is at the n-hexane/ sol interface, which I studied in previous experiments. 27 The position of the grazing incidence diffraction peak at q′ xy ≈ 1.5 Å -1 , observed at the air/hydrosol interface, corresponds to the spatial correlations between hydrated Na + in the compact layer at the length ≈ 4 Å. The large difference between the number of adsorbed ions at the air/sol and the hexane/sol interfaces can be related to the difference between the energy costs to bring a single hydrated Na + ion to these interfaces.
(2) I also studied hydrosols stabilized by a mixture of NaOH and CsOH, with the total bulk concentration of alkali ions ranging from 0.1 to 0.7 mol/L. I demonstrated that Na + and Cs + , which have different ion radii, interact differently with the sol's surface. The structure of the compact layer can be described by a two-layer model, that is, an ∼8-Å-thick layer of directly adsorbed hydrated alkali ions with a surface concentration of ∼3 × 10 18 m -2 , and a ∼13-Å-thick layer with a surface concentration of sodium ions of ∼8 × 10 18 m -2 . In cesiumenriched sols, Cs + ions preferentially adsorb in the first layer, replacing Na + ; their density in the second layer does not depend on the presence of cesium in the sol. The difference in the adsorption of Cs + and Na + ions can be explained by the ionsize-dependent term in the electrostatic Gibbs energy equation derived earlier by Kharkats and Ulstrup. 12, 13 particles (at pH ) 9-11) can be as large as Λ D ) 0 1 k B T/(c -N A e 2 ) ≈ 100-1000 Å, where NA is the Avogadro constant.
(51) The chemical equilibrium in the hydrosol at pH g 9 is due to the protonation-deprotonation of the silanol groups at the silica surface. 52-54. At pHs between 9 and 12, the bulk concentration of OH -is smaller by 2 to 4 orders of magnitude than the bulk concentration of alkaline ions. At equilibrium, the desorption of the hydroxyl ion (the protonation of the ionized silanol group) at the silica's surface (in the bulk) is associated with the energy barrier ∼kBT ln(c + /c -). The adsorption of the free hydroxyl ions with the surface charge density of ∼1 C/m 2 at the sol's surface would require the absolute depletion of the macroscopically wide region near the surface (1-100 µm wide . ΛD) with a subsequent inevitable change in the bulk chemical equilibrium. A small fraction of the silanol groups in this region would have to be protonated in order to restore the equilibrium. 
